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A  DESIGN  METHOD  AND  AN  APPLICATION  FOR  CONTRAROTATING  PROPELLERS 


Benjamin  Y.-H.  Chen  and  Arthur  M.  Reed 
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ABSTRACT 

A  design  methodology  for  contrarotating  propellers  has  been 
developed  b&sed  on  rational  hydromechanics.  Three  fundamental 
principles  need  to  be  satisfied:  momentum,  mass,  and  circulation 
conservation.  Momentum  conservation  requires  the  net  force  gen¬ 
erated  by  the  contrarotating  propeller  to  be  balanced  by  the  drag 
of  the  bare  body  and  the  drag  due  to  hull-propulsor  interaction. 
Mass  conservation  determines  the  circulation  distribution  of  the 
aft  propeller  once  the  forward  propeller  circulation  distribution 
is  specified.  Circulation  conservation  determines  the  magnitude 
of  the  circulation  distribution  of  the  aft  propeller  to  ensure  the 
proper  thrust  and  torque  ratios.  The  effects  of  the  hub  bound¬ 
aries  have  been  taken  into  account  in  the  design  and  analysis 
methods.  A  contrarotating  propeller  set  was  designed  for  uni¬ 
form  flow  at  the  operating  point  of  the  propeller  for  a  high-speed 
surface  ship.  Open  water  results  show  that  the  performance  pre¬ 
dictions  agree  well  with  the  measurements. 

INTRODUCTION 

Recently,  there  has  been  a  renewed  interest  in  finding  more 
efficient  replacements  for  current  naval  ship  propulsion  systems. 
One  of  the  promising  candidates  is  contrarotating  (CR)  pro¬ 
pellers  which  exhibit  many  advantages  over  single  screw  pro¬ 
pellers.  These  benefits  are  as  follows: 

1)  Recovery  of  rotational  energy  that  is  normally  lost  in  the 
slipstream. 

2)  Higher  efficiency  for  a  given  disk  area  (i.e.  smaller  optimum 
diameter  and  lower  loading  per  blade). 

3)  Increased  cavitation  inception  speeds  through  reduced  blade 
loading  for  blade  surface  cavitation  and  reduced  circulation 
for  tip  vortex  cavitation. 

4)  Torque  balance  resulting  in  simpler  machinery  mounting  sys¬ 
tems. 

In  spite  of  the  hydrodynamic  benefits  of  CtL  propellers,  the  appli¬ 
cation  to  ounace  stups  uae  oeen  limned  because  of  the  coinpi"C 
shafting  and  gearing  arrangements  required.  Recently,  interest 
in  CR  propellers  has  revived  owing  to  the  availability  of  lighter 
and  more  efficient  electrical  propulsion  systems  which  provide 
CR  propellers  a  new  potential  for  application  on  surface  ships. 

Brief  Review  of  CR  propeller  Design  History 

In  the  following,  a  brief  chronicle  of  the  development  of  CR 
propeller  design  technology  is  provided.  In  large,  the  survey  is 
borrowed  from  Cox  and  Reed  (1988).  However,  there  are  a  few 
significant  developments  documented  herein,  which  are  not  in¬ 
cluded  in  Cox  and  Reed. 

Four  decades  ago.  most  of  the  research  on  CR  propellers  was 
experimental  and  design  techniques  were  empirical.  Since  that 
time,  analysis  techniques  based  on  the  computer  have  been  devel¬ 
oped,  60  that  today  there  are  a  number  of  sophisticated  lifting¬ 


line  and  lifting-surface  techniques  available  for  use  in  propeller 
design. 

One  of  the  earliest  theories  for  CR  propellers  was  developed 
by  Theodorsen  (1944a,  1944b).  Although  his  method  was  re¬ 
stricted  to  uniform  flow,  it  snowed  that  the  analysis  of  CR  pro¬ 
pellers  based  on  the  ideal  loading  distribution  for  single  propellers 
was  inadequate.  Naiman  (1943)  and  McCormick  (1953)  included 
arbitrary  assumptions  concerning  bofh  the  applicability  of  the 
Goldstein  function  and  the  orientation  of  the  resulting  induced 
velocities  relative  to  the  vortex  sheets. 

Lerbs  (1955)  developed  the  first  lifting-line  theory  for  CR 
propellers.  He  used  the  induction  factors  which  he  had  previ¬ 
ously  derived  for  single  rotation  propellers  (Lerbs  1952),  so  that 
the  theory  was  released  from  the  restrictions  of  empirical  meth¬ 
ods.  Based  on  Lerbs'  theory.  Morgan  (1960)  developed  a  useable 
design  technique  for  CR  propellers.  Relying  on  the  assumption 
that  the  interference  due  to  the  lifting-surface  effects  between 
two  propellers  could  be  neglected,  Morgan  provided  a  detailed 
computational  scheme  for  the  design  of  optimum  CR  propellers. 
His  paper  also  provided  a  detailed  propeller  design,  accounting 
for  cavitation  and  strength. 

Based  on  momentum  theory,  Gunsteren  (1971)  developed  a 
method  for  calculating  the  interaction  effects  between  the  two 
propellers.  His  approach  provided  a  simple  way  for  calculat¬ 
ing  the  mutually-induced  velocities  and  pressures.  The  radial 
distributions  of  the  mutually  induced  velocities  were  calculated 
through  lifting-line  theory.  He  separated  the  self-induced  veloc¬ 
ities  from  the  mutually-induced  velocities  so  that  each  propeller 
could  be  treated  as  a  single  propeller. 

Following  Morgan  6  work,  Caster  and  LaFone  (1975)  devel¬ 
oped  a  second  generation  lifting-line  design  method.  Using  a 
lifting-line  program  for  single  screw  propellers,  Caster  and  La¬ 
Fone  uncoupled  the  circulation  distribution  for  the  forward  and 
aft  propellers.  In  addition,  they  incorporated  field  point  velocity 
computations  to  determine  the  interaction  velocities  between  the 
two  propellers  in  an  iterative  procedure. 

Nelson  (1975)  developed  a  series  of  computer  programs  for 
designing  CR  propellers  which  include:  (1)  A  preliminary  design 
program  which  can  be  used  to  perform  parametric  studies  while 
the  cavitation  resistance  is  held  constant.  (2)  A  lifting  line  pro¬ 
gram  which  can  be  used  to  perform  the  preliminary  design.  (3)  A 
lifting-surface  program  which  can  be  used  to  carry  out  the  de 
tailed  design.  In  addition,  Ndsofi  (1972)  presented  a  successful 
design  method  C -  c R  nr~p  on  torpedoes  using  circulation 
distributions  with  finite  values  at  the  blade  roots.  The  method 
ology  which  he  used  is  composed  of  lifting-line  and  lifting-surface 
methods. 

In  the  early-  to  mid-  1980’s,  Cox  and  Reed  independently 
developed  new  lifting-line  programs  based  on  the  Caster  and  La¬ 
Fone  method  (Cox  and  Reed  1988).  Both  of  the  authors  incor¬ 
porated  improved  methods  for  computing  the  velocities  induced 
by  one  propeller  on  the  other.  Cox  also  modified  his  lifting-line 
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method  to  incorporate  finite  loading  at  the  hub  and  designed  a 
CR  propeller  for  uniform  flow. 

Chen  and  Reed  (1988)  developed  a  new  lifting-surface  pro¬ 
gram  for  CR  propellers  based  on  the  MIT  lifting  surface  design 
program  with  hut)  effects.  This  program  automatically  computes 
the  velocities  induced  by  one  propeller  on  the  other.  In  addition, 
the  hub  portion  of  the  program  has  been  modified  to  account  for 
the  velocities  induced  by  one 'propeller  on  the  other.  The  data 
from  Laser  Doppler  Velocimetry  (LDV )  measurements  of  induced 
velocities  were  used  to  adjust  the  slope  and  distribution  of  the 
wakes  which  were  shed  from  the  two  propellers. 

Kerwin  et  at.  (1986)  developed  the  most  recent  lifting-line 
method  for  designing  CR  propellers.  They  employed  variational 
methods  to  solve  the  two  coupled  lifting-line  integro-differential 
equations  simultaneously.  Kerwin  et  at.  used  the  vortex  lattice 
approach  to  obtain  a  discrete  representation  of  the  circulation 
distribution  in  lieu  of  the  traditional  Fourier  representation  of 
the  circulation  distribution. 

The  purpose  of  the  present  study  is  to  implement  a  design 
methodology  for  CR  propellers  using  the  principles  of  momen¬ 
tum,  mass,  and  circulation  conservation.  The  methodology  in¬ 
corporates  finite  loading  at  the  blade  roots  into  the  design  and 
analysis,  and  accounts  for  the  effects  of  the  hub  boundary.  The 
design  methodology  is  implemented  around  the  vortex  lattice 
lifting-line  theory  developed  by  Kerwin  et  at.  (1986)  and  as  mod¬ 
ified  by  Reed  (Cox  and  Reed  1988);  the  lifting-surface  theory  of 
Greeley  and  Kerwin  (1982)  and  as  modified  by  Wang  (1985)  to 
account  for  hub  effects;  and  the  boundary  element  method  of 
Lee  (1987).  A  CR  propeller  set  is  designed  for  uniform  flow  at 
the  operating  point  of  the  propeller  for  a  typical  high-speed  sur¬ 
face  ship  Force  measurements  for  the  CR  propelier  in  uniform 
flow  are  given. 

DESIGN  METHODOLOGY  FOR  CR  PROPELLERS 
Design  Principle 

The  fundamental  principles  which  need  to  be  satisfied  in  the 
CR  propeller  design  are  momentum,  mass,  and  circulation  con¬ 
servation.  Momentum  conservation  requires  the  net  force  gener¬ 
ated  by  the  CR  propeller  to  be  balanced  by  two  kinds  of  drag:  one 
is  the  drag  of  the  bare  body  and  the  other  is  the  drag  due  to  the 
propeller- hull  interaction.  There  are  two  phenomena  which  con¬ 
tribute  to  propeller- hull  interaction:  thrust  deduction  and  wake 
fraction.  Only  thrust  deduction,  an  additional  drag,  affects  the 
momentum  conservation.  Thrust  deduction  is  caused  by  the  pro¬ 
peller  accelerating  the  local  flow  field  about  the  ship,  resulting 
in  =>  reduction  of  the  hull  pressures.  The  higher  velocity  also  in¬ 
creases  the  wall  snear  stress,  and  hence,  the  frictional  resistance. 
The  thrust  deduction  factor  for  propellers  is  defined  by: 


where  Rt  is  the  bare-hull  resistance  and  T  is  the  total  thrust  fo. 
ail  propellers. 

Mass  conservation  determines  the  circulation  distribution  of 
the  aft  propeller  once  the  circulation  distribution  of  the  forward 
propeller  is  specified.  Based  on  this  mass  conservation,  the  pre¬ 
liminary  diameter  of  the  aft  propeller  can  be  determined  by  using 
the  following  formula: 
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Fig.  1 .  Flow  chart  of  CR  propeller  design 
methodology. 


where 

/r*  drr(  r0,  +  u3,  ,  +  ua,  „  ) 

/,'  drri  v,A  *■  uaA  A  +  u0a  ,  I 

The  quantities  r4f.  and  e„A  are  tiie  axial  inflows  for  the  forward 
and  aft  propellers,  uar  r  and  uaA  „  are  the  axial  self  induced 
velocities.  A  and  ua<  r  are  the  axial  mutual  interaction  ve¬ 
locities  induced  at  the  forward  and  aft  propeller  planes,  r  is  the 
local  nondimensional  radius  of  the  propelier.  and  rtlr  and  rhA 
are  the  hub  radii  of  the  forward  and  aft  propellers,  respectively 

The  basic  guidebne  for  determining  the  final  aft  propeller  di¬ 
ameter  is  to  ensure  that  the  tip  vortices  generated  by  the  forward 
propeller  blades  '■  ill  not  impinge  on  the  aft  propeller  blades.  To 
be  on  the  safe  side,  the  final  aft  propeller  diameter  should  be 
selected  so  as  to  be  smaller  than  the  preliminary  aft  propeller 
diameter  using  mass  conservation  without  sacrificing  too  much 
efficiency. 

Circulation  conservation  determines  the  magnitude  of  the 
aft  propeller  circulation  to  ensure  proper  thrust  and  torque  ra 
tios.  In  other  words,  once  the  magnitude  of  the  forward  propeller 
circulation  is  specified,  the  magnitude  of  the  aft  propeller  circu¬ 
lation  has  to  be  calculated  so  as  to  conserve  the  total  circulation. 

Design  Procedure 

A  flow  chart  of  the  design  methodology  for  CR  propellers  is 
shown  in  Figure  1,  It  consists  of  three  phases:  operating  condi 
tions,  design,  and  analysis. 

In  the  first  phase.  :he  design  requirements  and  the  wake  sur¬ 
vey  data  need  to  be  provided  The  effects  of  hull  on  the  flow  and 
hull  propulsor  interaction  are  traditionally  represented  by  the 
nominal  wake  and  two  interaction  coefficients:  the  thrust  deduc 
tion  factor  and  the  wake  fraction.  Although  this  design  method  is 
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Fig.  2.  Velocity  diagram  for  a  CR  propeller  set. 


general,  and  treats  thrust  deduction  and  circumferential-average 
wake  distributions  in  the  presence  of  a  hull,  in  the  following  we 
restrict  our  consideration  to  uniform  flow  in  the  absence  of  a  hull. 

For  this  simple  flow,  we  are  immediately  ready  to  start  the 
second  stage,  the  design  stage  As  was  mentioned  in  the  intro¬ 
duction.  the  traditional  lifting-line  design  of  CR  propellers  has 
been  performed  by  coupling  single  screw  propeller  codes  in  an  it¬ 
erative  process  Kerwin  el  al.  |  1986)  developed  a  more  advanced 
lifting-line  theory  for  CR  propellers  They  used  the  vortex  lat¬ 
tice  method  to  solve  the  lifting-line  problem  for  a  CR  propeller 
directly.  The  induced  velocities  in  their  theory  include  the  self 
induced  velocities  of  each  component  as  well  as  the  velocities 
induced  by  the  other  component  A  velocity  diagram  for  the  for¬ 
ward  propeller  (rotating  at  angular  velocity  _ip)  and  aft  propeller 
(rotating  at  angular  velocity  .»•* )  of  a  CR  propeller  set  is  given 
in  Figure  2. 

The  optimum  circulation  distribution  in  Kerwin  el  af.’s  the¬ 
ory  incorporates  finite  loading  at  the  blade  roots  whgch  is  an 
important  factor  for  CR  propellers  The  theory  automatically 
provides  equal  and  opposite  total  arculation  for  the  forward  and 
aft  propellers  at  the  hub,  which  insures  minimum  hub  vortex 
strength,  i.e.,  aero  net  circulation  for  the  two  propellers  at  the 
hub.  In  the  present  design  procedure,  the  effects  of  the  hub 
boundaries  have  been  taken  into  account.  In  addition,  the  slope 
of  the  circulation,  dr /dr,  is  constrained  to  be  zero  at  the  hub  so 
that  the  trailing  vortex  sheet  near  that  regon  is  eliminated 

A  comparison  of  the  Lerbs'  optimum  circulation  distribu¬ 
tions  for  a  single  rotation  propeller  between  Kerwin  et  al.  (1986) 
and  Caster  et  al  (1975)  was  gven  in  Chen  et  al.  (1988),  The 
circulation  distribution  from  Kerwin  et  al.'s  program  agrees  very 


well  with  that  from  Caster  i  il..  This  indicates  that  the  vana 
tional  method  is  a  correct  approach  to  Lifting-line  theory.  How¬ 
ever,  it  does  not  prove  that  Kerwin  et  al.'s  program  is  correct  for 
CR  propellers.  It  must  still  be  validated,  which  is  is  one  of  the 
purposes  of  the  present  study. 

Due  to  the  temporal  and  spatial  variations  m  the  velocity 
field  in  which  the  forward  and  aft  propellers  operate,  the  mu¬ 
tual  interaction  velocities  between  the  two  components  are  an 
unsteady  flow  both  in  space  and  time.  However,  a  methodology 
which  can  handle  these  circumferential  variations  in  the  mutual 
interaction  velocities  for  CR  propellers  is  not  necessary  because  of 
the  fart  that  the  design  problem  is  solved  for  the  circumferential 
average  flow.  Calculation  of  the  circumferential  average  mutual 
interaction  velocities  is  one  of  tne  most  critical  factors  affecting 
CR  propeller  design  Chen  and  Reed  <  !'.)*.»  i  showed  that  the  use 
of  the  interaction  velocities  calculated  from  Lifting  line  theory  is 
adequate  for  lifting  surface  design  as  long  as  the  propeller  load¬ 
ings  are  moderate  and  the  propellers  are  not  too  close  to  each 
other  Therefore,  in  the  present  study,  the  mutual  interaction 
velocities  from  lifting  line  theory  have  been  used  to  simplify  the 
lif ting- surface  design 

In  the  intermediate  design  stage,  cavitation  and  strength 
are  the  major  concerns  Blade  surface  cavitation  can  cause  blade 
erosion,  noise,  and  thrust  loss  which  are  detrimental  to  ship  per¬ 
formance.  In  order  to  improve  the  cavitation  performance,  one 
can  vary  blade  thickness,  chord  distribution,  and  blade  loading. 
However,  the  strength  and  the  propulsive  performance  are  also 
affected  by  varying  the  above  parameters. 

The  propeller  is  subjected  to  both  hydrodynamic  and  cen¬ 
trifugal  loadings  as  it  operates.  A  propeller  blade  must  contain 
enough  material  to  keep  the  stress  within  a  blade  below  a  certain 
predetermined  level.  This  acceptable  stress  level  is  a  function  of 
the  material  properties  with  regard  to  both  steady  state  loading 
and  fatigue  strength,  and  to  both  the  mean  and  unsteady  blade 
loadings.  Chord  length,  thickness,  skew  ,  and  rake  are  the  impor¬ 
tant  propeller  geometric  parameters  which  wil)  affect  the  stress. 
Based  on  the  simple  beam  theory,  the  stress  can  be  calculated 
by  representing  the  propeller  blade  as  a  straight  cantilever  beam 
with  variable  cross  section  without  camber  To  have  a  more  accu 
rate  analysis  for  the  full  power  ahead  case  and  the  backing  case, 
a  finite  element  analysis  is  required. 

In  the  final  design  stage,  the  detailed  blade  geometry  (pitch 
and  camber  distributions )  is  determined  using  a  lifting  surface 
theory  which  incorporates  three-dimensional  flow  field  effects.  In 
the  present  study,  a  lifting-surface  theory  with  hub-image  effects 
developed  by  Wang  (1985)  is  employed.  The  vortex  lattice  rep¬ 
resentation  is  adapted  for  the  blades  and  their  wakes.  The  hub 
is  represented  by  a  distribution  of  dipoles  which  ends  at  the  hub 
apex.  The  dipole  distribution  allows  non-zero  circulation  at  the 
hub  of  a  propeller,  and  allows  the  normal  velocity  at  the  hub  to 
be  zero. 

All  the  design  codes  used  in  this  effort  are  based  on  potential 
flow  theory.  The  effect  of  viscous  drag  has  been  accounted  for  in 
the  force  calculations  using  the  following  empirical  formula: 

CD  =  r,[l  +  1.25(1/0  +  125(I/c),j, 

where  C f  is  the  skin  friction  coefficient  for  a  smooth  plate,  and 
l/c  is  the  section  thickness  to  chord  ratio.  The  value  of  C j  varies 
from  0.008  down  to  0  004  for  blade-section  Reynolds  numbers 
varying  between  10s  and  10s. 

To  ensur.-  unseparated  flow  along  (he  blade,  boundary  layer 
calculations  need  to  be  performed.  In  the  present  study,  a  pro¬ 
gram  developed  by  Cebeci  (1978)  was  employed  This  program 
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has  the  capability  to  calculate  incompressible  laminar  and  tur¬ 
bulent  boundary  layers  on  plane  and  axisymmetric  bodies  with 
either  smooth  or  rough  surfaces. 

During  this  phase  of  the  design,  steady  forces  and  unsteady 
forces  and  moments  also  need  to  be  calculated.  To  determine  the 
steady  thrust,  torque,  and  efficiency  of  the  CR  propeller  under 
design  and  off-design  operating  conditions,  both  a  vortex-lattice 
method  and  a  panel  methods' have  been  utilized  in  the  present 
st-  !y;  one  is  the  vortex-lattice  method  developed  by  Greeley  and 
rierwin  (1982)  and  the  other  is  a  potential-based  panel  method 
developed  by  Lee  ( 1987). 

Greeley  and  Kerwin  solved  the  lifting-surface  theory  using  a 
vortex  lattice  and  line  source  representation  of  the  blade,  with  the 
singularities  placed  on  the  mean  camber  surface.  Lee  adopted  a 
surface  panel  method  and  distributed  dipole  panels  on  the  exact 
propeller  surface  as  well  as  the  hub  surface,  which  is  significant 
for  propellers  with  a  large  hub  radius  or  a  small  number  of  blades. 
In  addition,  Lee  used  a  pressure  Kutta  condition,  which  requires 
that  the  pressure  on  the  upper  and  lower  surfaces  at  the  trailing 
edge  be  equal.  Due  to  the  nonlinearity  of  the  pressure  Kutta 
condition,  an  iterative  process  must  be  employed  to  solve  for  the 
three-dimensional  trailing  edge  flow. 

A  CR  PROPELLER  DESIGN 

In  this  section,  a  design  is  developed  using  the  methodology 
described  in  the  previous  section.  Some  of  the  design  stages  will 
be  •Lipped  because  the  present  design  is  for  uniform  flow. 

Design  Requirements 

The  CR  propeller  set  was  designed  for  uniform  flow  at  the 
operating  condition  of  a  high-speed  surface  ship.  The  ship  speed 
was  chosen  as  20.0  knots  (10.3  m/sec).  The  forward  propeller 
diameter  was  restricted  to  6.1  meters  and  the  rotational  speed 
to  51  rpm.  The  blade  numbers  of  the  forward  and  aft  propellers 
are  7  and  5,  respectively.  The  ratio  of  the  torque  of  the  forward 
propeller  to  that  of  the  aft  propeller  has  to  be  maintained  at 
1.07  due  to  machinery  constraints.  This  CR  propeller  design 
was  constrained  to  produce  the  same  thrust  loading  coefficient  in 
uniform  flow,  a  Cra  of  0.5849,  as  would  be  required  in  the  hull 
wake. 

The  design  parameters  for  the  present  study  were  chosen 
based  on  a  parametric  study.  The  aft  propeller  diameter  was 
determined  through  mass  conservation  as  shown  in  Equation  1. 
To  ensure  that  the  aft  propeller  operates  inside  the  tip  vortices 
of  the  forward  propeller,  the  final  aft  propeller  d.ameter,  which 
is  85  percent  of  the  forward  propeller  diameter,  was  chosen  to  be 
slightly  smaller  than  the  preliminary  one  calculated  using  mass 
conservation.  The  rotational  speed  of  the  aft  propeller  is  51  rpm 
which  is  identical  to  tha*  of  the  forward  propeller.  The  axial 
spacing  was  chosen  as  0.25  of  the  forward  propeller  diameter.  A 
summary  of  the  design  parameters  for  the  CR  propeller  is  given 
in  Table  1. 

Preliminary  Design 

The  lifting-line  calculations  will  be  discussed  in  this  section. 
The  optimum  circulation  distributions  for  the  forward  and  aft 
propellers  are  determined  by  the  variational  approach  described 
in  the  previous  section.  Figure  3  presents  the  optimum  circu¬ 
lation  distributions  for  the  forward  propeller  with  and  without 
hub  effects.  The  circulation  distribution  accounting  for  the  hub 
effects  shows  that  maximum  loading  occurs  at  the  blade  roc.s 
while  that  without  hub  effects  has  zero  loading  at  the  hub.  Ad¬ 
ditionally,  the  tip  loading  of  the  circulation  distnbution  with  hub 
effects  is  slightly  smaller  than  that  without. 


Table  1.  Contrarotating  propeller  design — summary 


Forward  Propeller 

Aft  Propeller 

I  .V.rpm 

51 

51 

1  C'ra 

0.5849 

!  Geometry 

:  Diameter,  m 

6.096 

5.182 

I  Number  of  Blades 

7 

5  ! 

1  Expanded  Area  Ratio 

0.632 

0  507 

j  .-Axial  Spacing,  m 

|  1.52-1 

:  Skew, deg 

25.0 

25.0 

■  Blade  Sections 

• 

* 

’  NACA  66  (TMB  Modified)  Thickness.  NACA  a  -  0  * 
Meanline 


Fig.  3.  Circulation  distributions  tor  toward  propeller 
and  single  rotation  propeller.. 


The  optimum  circulation  distribution  for  a  single  rotation 
propeller  in  uniform  flow  is  also  illustrated  in  Figure  3.  In  con¬ 
trast  to  the  single  rotation  propeller  blade  loading,  the  forward 
propeller  blade  loading  is  shifted  inboard  so  that  the  axial  kinetic 
energy  losses  can  be  reduced.  In  addition,  the  magnitude  as  well 
as  the  slope  of  the  blade  loading  at  the  tip  of  the  forward  propeller 
of  the  CR  set  are  reduced,  resulting  in  a  projected  improvement 
in  Ce  tip  vortex  cavitation  inception  speed. 

The  optimum  and  the  root-  and  tip-unloaded  circulation  dis¬ 
tributions  for  the  forward  propeller  are  also  shown  in  Figure  3 
The  advantage  of  unloading  the  blade  root  is  to  delay  the  blade 
root  cavitation  inception  and  to  reduce  the  tendency  toward  cav¬ 
itation  erosion  near  the  blade  root.  Since  the  lift  coefficient  at 
the  blade  root  is  very  high  with  the  optimum  circulation  distnbu 
tion,  a  50-percent  reduction  in  the  blade  loading  at  the  root  was 
made  to  lower  the  Lift  coefficient  to  less  than  0.5.  In" addition,  the 
slope  of  the  circulation.  dF/dr,  is  constrained  to  be  zero  at  the 
blade  root  to  eliminate  the  trailing  vortex  sheet.  Similarly,  the 
blade  tip  is  unloaded  to  delay  tip  vortex  cavitation  inception  and 
to  reduce  cavitation  erosion  at  the  t'p  However,  unloading  the 
blade  tip  results  in  a  reduction  in  propeller  efficiency  Since  the 
magnitude  and  slope  of  the  blade  loading  at  the  lip  of  th<>  for 
ward  propeller  are  much  smaller  than  those  of  the  single  rotation 
propeller,  a  loading  of  95  percent  of  the  optimum  loading  at  the 
0.95  radii  was  chosen,  so  as  to  not  sacrifice  too  much  propeller 
efficiency. 


4 


0015 


FWtAL  PTTCH  WStWBimON 
FOR  FORWAAO  PROP€LL£R 


2  Ts(- 

I 

!  4 

1*4 

[  J0h 

l  1  75*- 


F1KAL  PTTCH  WST7«mTX>N 
FOR  AFT  PRORCLLER 


NONCMMCNSIONAL  RADIUS  r« 


Fig.  4.  Circulation  distributions  for  aft  propeller. 


Fig.  5.  Final  pitch  to  diameter  ratio  distributions. 


Figure  4  shows  the  optimum  circulation  distribution  for  the 
aft  propeller  with  and  without  hub  effects.  As  was  shown  for 
the  forward  propeller,  the  optimum  circulation  distribution  for 
the  aft  propeller  with  hub  effects  has  a  higher  circulation  near 
the  hub  and  lower  circulation  near  the  tip  than  the  distribution 
without  a  hub. 

The  distributions  of  the  optimum  and  root-  and  tip- unloaded 
circulations  for  the  aft  propeller  are  also  given  in  Figure  4.  The 
guideline  for  unloading  the  aft  propeller  hub  has  to  consider  two 
factors;  one  is  to  provide  an  equal  and  opposite  total  circulation 
at  the  hub  with  respect  to  the  forward  propeller  to  ensure  zero 
hub  vortex  strength  and  the  other  is  to  maintain  zero  circulation 
slope  at  the  hub  to  eliminate  the  trailing  vortex  sheet.  The  load¬ 
ing  at  the  hub  was  reduced  by  50  percent  to  reduce  the  section 
lift  coefficient  to  less  than  0.5. 

The  chord-length  distributions  of  the  forward  and  aft  pro¬ 
pellers  were  chosen  based  on  cavitation,  flow  separation,  and  ef¬ 
ficiency  considerations.  The  thickness  distribution  was  selected 
based  on  strength  and  cavitation  considerations. 

A  skew  distribution  with  25  degrees  tip  skew  varying  linearly 
from  zero  at  the  hub  was  selected  for  both  propellers.  The  total 
rake  for  both  propellers  was  zero.  Thus,  both  propellers  have 
negative  rake  to  offset  the  skew-induced  rake. 

Intermediate  Design 

In  the  intermediate  design  stage,  strength  and  cavitation  are 
normally  discussed.  The  stress  distributions  for  the  forward  and 
aft  propellers  were  calculated  and  were  determined  to  be  well 
below  the  allowable  stress  of  12,500  psi  for  Nickel-Aluminum- 
Bronze.  Since  this  propeller  set  is  designed  for  uniform  flow, 
detailed  cavitation  predictions  were  not  carried  out  for  t'us  de¬ 
sign. 

Final  Design 

The  final  pitch  and  camber  distributions  were  determined 
using  lifting-surface  theory  with  hub  effects  included.  A  chord- 
wise  loading  distribution  corresponding  to  that  of  an  a  equals  0.8 
mean  line  was  employed  on  the  blade  sections.  This  decision  was 
based  on  cavitation  and  viscous  flow  considerations.  For  this  ap¬ 
plication,  a  NACA  66  thickness  distribution  was  selected.  Figures 
5  and  6  show  the  respective  final  pitch  and  camber  distributions 


Fig.  6.  Final  maximum  camber  to  chord  length 
ratio  distributions. 


for  the  forward  and  aft  propellers.  A  solid  model  rendering  of 
the  CR  propeller  set  generated  on  a  Computer  i'ision  system  is 
shown  in  Figure  7. 

Performance  Prediction  and  Open- Water  Tests 

Aluminum  models  of  the  forward  and  aft  propellers  (DTRC 
Propellers  5067  and  5068)  were  manufactured  based  on  the  final 
design  geometry.  The  propellers  were  tested  in  open  water  as  a 
CR  propeller  set. 

Figure  8  shows  the  experimental  thrust  coefficient,  torque 
coefficient,  and  efficiency  for  the  CR  propellers  (operating  as  a 
unit)  as  a  function  of  advance  coefficient;  as  well  ■  as  the  per¬ 
formance  prediction  at  the  design  advance  coefficient.  Table  2 
shows  the  predicted  and  measured  performance  of  the  CR  pro¬ 
pellers.  At  constant  Cph,  the  forward  propeller  thrust  prediction 
is  2.3  percent  higher  than  the  experimental  measurement.  How 
ever,  the  aft  propeller  thrust  is  3.1  percent  lower.  The  forward 
and  aft  propeller  torque  predictions  <j-e  3.0  percent  and  2.9  per¬ 
cent  lower  than  their  respective  experimental  measurements. 

The  design  advance  coefficient  is  0.3  percent  higher  than  the 
experimental  measurment  at  the  design  Ctk-  The  unit  thrust 
prediction  is  almost  identical  to  the  experiment  and  the  unit 


Table  2.  Predicted  and  measured  performance  of 
design  contrarotating  propellers  operating 
as  a  unit. 


;  Design 

Experiment 

Forward  Prop 


'T 

0.307  (+2.3%)  ( 

XQ 

0.0995  (-3.0%)  ( 

r 

0.780  (  +  5.7%)  1 

Aft  Prop* 


A'r 

kq 

V * 


Unit" 


0.268  (-3.1%) 

0.0931  (-2.9%) 
0.728  (+0.3%) 


1.589 

(+0.3%) 

0.575 

(-0.1%) 

0.1926 

(-3.0%) 

1.146 

(+5.6%) 

1.068 

(+0.2%) 

1.000 

0.755 

(+3.0%) 

All  nondimensional  coefficients  are  based  on  the  for 
ward  propeller  diameter 
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Fig.  7.  Final  geometry  of  CR  propeller  set. 


torque  prediction  is  3.0  percent  lower.  The  predicted  thrust-ratio 
is  5.6  percent  higher  than  the  measurement  and  the  torque-ratio 
prediction  is  almost  equal  to  the  experimental  measurement.  The 
predicted  efficiency  is  3.0  percent  higher  than  that  from  the  ex¬ 
periment.  Overall  the  predicted  values  agree  very  well  with  the 
experimental  measurements,  and  in  general  are  within  the  ac¬ 
cepted  accuracy  of  the  experimental  measurements. 

CONCLUSIONS  AND  RECOMMENDATIONS 
The  conclusions  from  this  study  are  as  follows: 

1)  The  present  design  methodology  is  adequate  for  CR  pro¬ 
pellers  in  uniform  flow,  and 

2)  For  moderate  propeller  loadings,  the  interaction  velocities 
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Fig.  8.  CR  propeller  open-water  test  results  and 
performance  prediction. 


from  lifting-line  therory  are  adequate  for  use  in  the  lifting- 
surface  design. 

There  are  several  recommendations  for  future  work  on  this 

topic: 

1)  Hull-propulsor  interaction  and  effective  wake:  A  methodol¬ 
ogy  for  calculating  hull-propulsor  interactions  for  CR  pro- 


pellers  needs  to  be  developed,  including  thrust  deduction, 
wake  fraction,  and  effective  wake.  This  is  particularly  impor¬ 
tant  for  the  aft  propeller  because  of  the  complex  interactions 
between  the  forward  propeller  and  the  hull,  and  between  the 
two  propellers. 

2)  Cavitation  and  unsteady  forces:  A  methodology  which  can 
handle  the  unsteady  circumferential  variations  of  the  mutual 
interaction  velocities  between  the  two  propellers  needs  to  be 
developed.  Once  developed,  these  unsteady  velocities  need 
to  be  incorporated  into  the  cavitation  and  unsteady  force 
calculations  for  the  aft  propeller. 
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APPENDIX 


Parametric  Studies 

The  purpose  of  this  study  is  to  secure  an  optimum  design  for  a  CR  propeller  through 
parametric  studies.  In  order  to  provide  a  fair  comparison,  a  parametric  study  for  a  single 
rotation  propeller  was  also  carried  out.  The  following  range  of  single  rotation  propeller 
geometric  characteristics  were  explored: 

•  propeller  diameter,  D,  5. 8-7. 6  m 

•  propeller  rotational  speed,  N ,  40-100  rpm. 

The  parametric  studies  for  the  single  rotation  propeller  in  uniform  flow  were  performed 
with  a  fixed  blade  number,  Z,  of  7.  As  is  shown  in  Figure  9,  the  larger  the  propeller 
diameter,  the  higher  the  efficiency  which  can  be  achieved  because  of  reduced  the  propeller 
blade  loading.  It  can  be  observed  that  the  optimum  rotational  speed  is  about  80  rpm  when 
the  corresponding  propeller  diameter  is  6.10  meters. 

The  CR  propeller  parametric  studies  covered  the  following  range  of  parameters: 

•  Forward  propeller  diameter,  Dj ,  5.8-7. 6  m 

•  Forward  propeller  rotational  speed,  N f,  20-70  rpm 

•  Ratio  of  propeller  diameters,  Da/Dj,  0.80-0.95 

•  Ratio  of  rotational  speeds,  Na/Nf,  0.8- 1.2 

•  Axial  spacing,  x/Dj,  0.15-1.0 

Although  the  forward  propeller  diameter  and  rotational  speed  for  this  particular  design 
have  been  given  as  6.10  meters  and  51  rpm,  respectively;  the  parametric  studies  include 
these  variables  to  validate  the  selection  of  these  specific  values. 

Propeller  Diameter:  A  parametric  study  was  executed  to  determine  the  highest  effi¬ 
ciency  for  a  range  of  forward  propeller  diameters.  The  ratios  of  the  propeller  diameter  and 
rotational  speed  of  the  aft  propeller  to  those  of  the  forward  propeller  were  designated  as 
0.85  and  1.0,  respectively.  The  axial  spacing  was  chosen  to  be  0.25  of  the  forward  propeller 
diameter. 

Figure  10  shows  that  the  larger  the  forward  propeller  diameter,  the  higher  the  efficiency 
which  is  obtained.  It  can  be  seen  that  the  CR  propeller  is  more  efficient  than  the  single 
rotation  propeller  with  the  same  diameter,  because  the  aft  propeller  of  the  CR  propeller 
set  recovers  the  rotational  energy  in  the  slipstream  and  both  propellers  have  lighter  blade 
loadings. 

Ratio  of  Propeller  Diameters:  A  parametric  study  was  carried  out  to  determine  the 
effect,  of  the  ratio  of  diameters  between  the  two  propellers.  The  ratio  of  the  rotational  speed 
is  equal  to  1.0  and  the  axial  spacing  is  0.25  of  the  forward  propeller  diameter. 

Figure  11  shows  that  there  is  an  optimum  aft  propeller  diameter  at  which  the  CR 
propeller  gains  the  highest  efficiency.  In  general,  as  the  aft  propeller  diameter  increases, 
there  is  more  mass  flow  into  the  propeller  disk  which  results  in  reduced  propeller  blade 
loading  and  higher  efficiency.  However,  if  the  aft  propeller  diameter  is  larger  than  the 
radius  of  the  forward  propeller  wake,  the  efficiency  drops  because  blade  drag  increases 
without  recovering  additional  rotational  energy.  Since  this  study  does  not  account  for  mass 
conservation  between  the  two  propellers,  the  aft  propeller  diameter  can  not  be  determined 
solely  based  on  this  study,  but  rather  mass  conservation  must  also  be  satisfied. 

Ratio  of  Rotational  Speeds:  The  effect  of  the  ratio  of  the  rotational  speeds  on  efficiency 
is  shown  in  Figure  12.  The  ratio  of  the  propeller  diameters  is  0.85  and  the  axial  spacing  is 
0.25  of  the  forward  propeller  diameter.  It  indicates  that  there  is  no  significant  change  in 
propeller  efficiency  over  rotational  speed  ratios  between  0.8  and  1.2. 
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ROTATIONAL  SPEED.  N  (rpm) 

.  9.  Propeller  efficiency  versus  rotational  speed  with  various  propeller  diameters 
for  a  single  rotation  propeller. 
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Fig.  1 0.  Propeller  efficiency  versus  rotational  speed  with  various  forward  propeller 
diameters  for  a  CR  propeller. 
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11 .  Propeller  efficiency  versus  ratio  of  propeller  diameter  for  fixed  ratio  of  rotational 
speed  and  axial  spacing. 


RATIO  OF  ROTATIONAL  SPEED. 

Fig.  12.  Propeller  efficiency  versus  ratio  of  rotational  speed  for  fixed  ratio  of  propeller 
diameter  and  axial  spacing. 
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Axial  Spacing:  Figure  13  shows  the  effect  of  the  axial  spacing  between  the  forward 
and  aft  propellers.  The  ratios  of  propeller  diameters  and  rotational  speeds  are  0.85  and  1.0. 
respectively.  The  calculations  indicate  that  the  CR  propeller  efficiency  is  almost  constant 
as  the  axial  spacing  is  varied  between  0.15  and  1.0  times  the  forward  propeller  diameter. 

Hydrodynamic  Pitch:  The  radial  distributions  of  the  hydrodynamic  pitch,  7rrtan  J,. 
corresponding  to  both  the  optimum  and  the  unloaded  circulation  distributions  on  the  for¬ 
ward  and  aft  propellers  are  shown  in  Figures  14  and  15,  respectively.  Figure  14  shows  that 
the  retail  if,  corresponding  to  the  unloaded  circulation  distribution  for  the  forward  pro¬ 
peller  is  reduced  substantially  near  the  hub.  On  the  other  hand,  Figure  15  shows  that  the 
re  tan  1?,  of  the  aft  propeller  changes  little  near  the  hub  due  to  reduced  circulation.  This 
is  mainly  due  to  the  fact  that  the  self-induced  tangential  velocity  of  the  aft  propeller  and 
the  tangential  velocity  induced  by  the  forward  propeller  at  the  aft  propeller  cancel  each 
other,  even  though  both  of  the  distributions  have  reduced  circulation  at  the  hub.  Hence, 
the  net  tangential  induced  velocity  at  the  a ft  propeller  changes  little  between  the  optimum 
and  the  unloaded  cases.  It  is  not  believed  that  the  extreme  reduction  in  rrtan/J,  near 
the  tip  of  the  aft  propeller  is  realistic.  This  extreme  reduction  in  rrtan/3,  may  be  caused 
by  the  sensitivity  of  the  numerical  scheme  in  the  lifting-line  program  to  the  shape  of  the 
circulation  distribution. 

The  blade  pitch  distribution  from  lifting-surface  calculations  using  the  unloaded  circu¬ 
lation  distributions  are  also  shown  in  Figures  14  and  15.  These  figures  indicate  that  the 
blade  pitch  and  rrtan/f,  for  the  unloaded  circulation  distribution  are  very  similar.  In  con¬ 
trast  to  the  rrtan/J,  distribution  corresponding  to  the  optimum  circulation  distribution, 
the  pitch  of  the  forward  propeller  is  reduced  near  both  the  hub  and  tip.  For  the  aft  pro¬ 
peller,  Figure  15  indicates  that  relative  to  the  rrtan/3;  distribution  corresponding  to  the 
unloaded  circulation  distribution,  the  pitch  is  reduced  near  the  tip,  however,  not  near  the 
hub. 

The  lifting-surface  code  was  also  used  to  calculate  the  pitch  distribution  for  the  opti¬ 
mum  circulation  distribution  for  the  aft  propeller.  It  is  found  that  the  unloaded  pitch  is 
reduced  relative  to  the  optimum  pitch  near  the  hub.  A  lesson  learned  from  this  is  that 
lifting-line  or  lifting-surface  results  should  be  compared  separately  rather  than  with  each 
other,  especially  in  CR  propeller  design. 

Wake  Behind  Forward  Propeller:  In  order  to  confirm  that  the  CR  propeller  improves 
the  propeller  efficiency,  calculations  of  the  axial  and  tangential  induced  velocities  were 
carried  out.  They  were  calculated  at  0.25  of  the  forward  propeller  diameter  behind  the 
forward  propeller  reference  line  (i.e.  at  the  aft  propeller  reference  line)  with  and  without  the 
presence  of  the  aft  propeller.  Figure  16  shows  that  the  axial  induced  velocity  is  substantially 
increased  by  the  presence  of  the  aft  propeller.  This  indicates  that  the  aft  propeller  increases 
the  mass  flow  and  results  in  a  decrease  in  the  propeller  loading.  Figure  17  shows  that  the 
aft  propeller  decreases  the  total  tangential  induced  velocity.  This  shows  that  the  energy 
losses  in  the  slipstream  due  to  tangential  velocity  are  successfully  reduced  bv  the  CR  set. 

Geometric  specification:  The  chord  distributions  which  were  chosen  for  the  forward 
and  aft  propellers  are  shown  in  Figure  18.  The  expanded  area  ratio  (EAR)  was  calculated 
based  on  both  Burrill’s  and  Keller’s  criteria  for  cavitation  inception.  Figure  19  shows 
the  thickness  distributions  for  the  forward  and  aft  propellers.  The  skew  distribution  is 
given  in  Figure  20.  There  was  no  total  rake  for  either  propeller.  The  stress  distributions 
corresponding  to  these  choices  of  geometry  are  given  in  Figure  21. 

Performance  Prediction 

Steady  force  predictions  for  design  and  off-design  conditions  were  made  using  the  in¬ 
verse  lifting-surface  code  (PSF-2)  and  pane!  code  (PSF-10)  described  earlier.  The  input 
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Fig.  1 3.  Propeller  efficiency  versus  axial  spacing  to  forward  propeller  diameter  for  fixed 
ratios  of  propeller  diameter  and  rotational  speed. 
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Fig.  14.  Radial  distribution  of  optimum  and  unloaded  mlanf},  and  unloaded  pitch  to 
diameter  ratio  for  forward  propeller. 


Fig.  1 5.  Radial  distribution  of  optimum  and  unloaded  jrrtanpj  and  pitch  to  diameter  ratio 
for  aft  propeller. 
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Fig.  1 6.  Radial  distribution  ot  axial  induced  velocity  with  and  without  aft  propeller 
calculated  at  0.25  Dp  behind  the  forward  propeller. 
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Fig.  20.  Radial  distribution  of  skew. 
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Fig .  2 1 .  Radial  distribution  of  stress . 
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to  PSF-2  and  PSF-10,  tho  blado  geometry  and  tho  wake,  are  directly  inherited  from  the 
output  of  the  lifting-surface  design  code,  PBD-11.  While  PSF-2  does  not  account  for  hub 
effects,  PSF-10  can  account  for  presence  of  a  hub. 

A  combination  of  the  design  (PBD-10)  and  the  analysis  (PSF-2)  codes  has  been  used 
anti  tested  for  single  screw  propellers  for  several  years.  The  results  show  that  the  thrust 
and  torque  predictions  from  these  codes  agree  well  with  experiments.  In  the  present  study, 
the  combination  of  the  design  (PBD-11)  and  the  analysis  (PSF-10)  codes  with  hub  effects 
are  evaluated.  Using  PSF-2  as  a  reference,  a  comparison  of  the  circulation  distribution,  an 
input  to  the  design  code  and  an  output  from  the  analysis  code,  is  given. 

For  the  forward  propeller,  Figure  22  shows  that  the  circulation  distribution  predicted 
by  PSF-10  without  a  hub  is  higher  near  the  hub  and  lower  near  the  tip  than  that  of  PSF-2. 
Figure  23  shows  a  comparison  of  the  circulation  distribution  between  PSF-10  with  a  hub 
and  the  input  to  PBD-11.  This  comparison  shows  that  PSF-10  agrees  well  with  PBD-11 
near  the  tip  but  predicts  slightly  higher  circulation  than  was  input  to  PBD-11  near  the 
hub.  A  comparison  of  Figures  22  and  23  also  shows  that  because  they  don't  account  for 
hub  effects,  both  PSF-2  and  PSF-10  without  a  hub  predict  lower  circulation  near  the  hub 
than  was  input  to  PBD-11. 

As  shown  in  Table  3,  the  thrust  and  torque  predictions  from  PSF-10  without  a  hub 
are  almost  identical  to  those  from  PSF-2.  However,  PSF-10  with  a  hub  predicts  5.4  percent 
higher  thrust  and  3.1  percent  higher  torque  than  PSF-2.  The  thrust  prediction  from  PSF-10 
with  a  hub  is  4.1  percent  higher  than  the  design  value  (from  PBD-11),  while  the  torque 
prediction  is  almost  identical  to  the  design  prediction. 

For  the  aft  propeller.  Figure  24  shows  that  PSF-10  without  a  hub  has  the  same  trend  as 
Figure  22  does  for  the  forward  propeller.  Figure  25  shows  that  PSF-10  with  a  hub  has  lower 
circulation  near  the  tip  and  higher  circulation  near  the  hub  than  was  input  io  PBD-11. 

The  thrust  predicted  for  the  aft  propeller  by  PSF-10  without  a  hub  is  4.9  percent  lower 
than  that  predicted  by  PSF-2.  while  the  torque  prediction  is  almost  identical  to  that  of 
PSF-2.  The  thrust  prediction  from  PSF-10  with  the  hub  is  only  1.2  percent  higher  than 
that  from  PSF-2.  however,  the  torque  prediction  is  7.9  percent  higher.  The  thrust  prediction 
from  PSF-10  with  a  hub  is  4.(j  percent  lower  than  the  design  prediction  (from  PBD-11). 
Nonetheless,  the  torque  prediction  is  1.3  percent  higher  than  the  design  prediction. 

The  thru.it  ratio  predicted  by  PSF-10  with  a  hub  is  9.0  percent  higher  than  the  design 
value  while  *he  prediction  of  the  total  thrust  is  0.9  percent  lower  than  the  design  value.  In 
addition,  the  predicted  torque  ratio  is  very  close  to  the  design  value.  PSF-10  predicts  that 
the  total  net  blade  circulation  at  the  blade  root  for  the  forward  and  aft  propellers  together 
is  almost  zero,  so  the  hub  vortex  should  be  negligable. 

Final  CR  propeller  geometry 

The  final  geometric  specifications  of  the  CR  propeller,  including  tho  details  of  the 
leading  and  trailing  edges  were  computed  using  the  computer  code.  XYZ-PKOP,  developed 
by  Brocket t.*  All  the  input  data  such  as,  the  chord  length,  thickness,  skew,  pitch  and 
camber  distributions  were  faired  by  a  cubic  spline  procedure  before  being  input  to  XYZ- 
PROP.  A  list  of  the  chord  length,  thickness,  skew,  pitch  and  camber  distributions  are  given 
in  f  able  4. 


*  Brockett.  T.  K.  197b.  Analytical  Specification  of  Propeller  Blade  Surface  Geometry. 
DTRC  Ship  Hydrodynamics  Department  Report.  DTRC/SIID -099  01 . 
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Fig.  22.  Circulation  distribution  from  PSF-2,  PSF-10  without  hub  option  and 
PBD-11  for  forward  propeller. 
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Fig.  23.  Circulation  distribution  from  PSF-1 0  with  hub  option  and  PBD-1 1  for 
forward  propeller. 
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Fig.  24.  Circulation  distribution  from  PSF-2,  PSF-1 0  without  hub  option  and 
PBD-11  for  aft  propeller. 
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Fig.  25.  Circulation  distribution  from  PSF-1 0  with  hub  option  and  PBD-11  for 
aft  propeller. 
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Table  3.  Performance  prediction  for  CR  propeller. 


Forward  Propeller 

A'r 

Kq 

.V(rpm) 

PSF-2 

0.0964 

mm i 

PSF- 10  (w/o  hub) 

0.2940 

0.0970 

(with  hub) 

0.3070  ! 

0.0995 

51 

Aft  Propeller 

At 

■SH 

TV(rpm) 

PSF-2 

0.2646 

0.0863 

mm 

PSF-10  (w/o  hub) 

0.2516 

0.0868 

mSM 

(with  hub) 

0.2678 

„  ...  ■  - 

0.0931 

51 

CR  Propeller  Set 

Tr/TA 

Qp/Qa 

Nf/Na 

Efficiency 

PSF-2 

1.117 

1.0 

0.770 

PSF-10  (w/o  hub) 

BSH 

1.117 

1.0 

■ 

(with  hub) 

■SB 

1.068 

1.0 

Note:  The  coefficients  for  aft  propeller  are  based  on  forward  propeller  diameter 
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Table  4.  Final  design  geometry  tor  CR  propeller. 


(a)  Forward  Propeller 


r 

e. 

f/c 

fm/c 

0.250000 

0.145500 

2.34700 

0.000000 

0.231810 

0.008152 

0.275000 

0.150082 

2.35867 

0.833401 

0.217406 

0.013073 

0.300000 

0.154800 

2.38000 

1.666720 

0.203000 

0.017704 

0.350000 

0.164200 

2.42300 

3.333350 

0.174340 

0.024782 

0.400000 

0.173250 

2.41150 

5.000000 

0.146600 

0.028885 

0.500000 

0.189800 

2.28010 

0.0000 

8.333300 

0.099100 

0.030105 

0.600000 

0.203800 

2.11450 

wnmiS 

11.666700 

0.068090 

0.025915 

0.700000 

0.214900 

1.98000 

15.000000 

0.053530 

0.021684 

0.800000 

0.222600 

1.90300 

18.333300 

0.047500 

0.019012 

0.900000 

0.212000 

1.85690 

21.666600 

0.046030 

0.019200 

0.950000 

0.164200 

1.79760 

0.0000 

23.333300 

0.046700 

0.020800 

1.000000 

0.000000 

1.68930 

0.0000 

25.000000 

0.047770 

0.019200 

(b)  Aft  Propeller 


r 

c/D 

P/D 

ir/D 

e. 

t/c 

fm/c 

0.294100 

0.180181 

1.75980 

0.0000 

0.000000 

0.190747 

-0.008100 

0.300000 

0.181508 

1.77800 

0.0000 

0.208950 

0.187310 

-0.005600 

0.320000 

0.186084 

1.85020 

0.0000 

0.917261 

0.175764 

0.003400 

0.350000 

0.193000 

1.98500 

0.0000 

1.979740 

0  158957 

0.017200 

0.400000 

0.204070 

2.24000 

0.0000 

3.750530 

0.133036 

0.037200 

0.450000 

0.214380 

2.43000 

0.0000 

5.521320 

0.110136 

0.049300 

0.500000 

0.223900 

2.51000 

0.0000 

7.292110 

0.090832 

0.050100 

0.600000 

0.240500 

2.51800 

10.833690 

0.064055 

0.044500 

0.700000 

0.253600 

2.48540 

14.375270 

0.050651 

0.039150 

0.800000 

0.262500 

2.43800 

17.916840 

0.045210 

0.035300 

0.900000 

0.248900 

2.31000 

21.458420 

0.044422 

0.033200 

0.950000 

0.193400 

2.12570 

0.0000 

23.229210 

0.045318 

0.033700 

1.000000 

0.000000 

1.80000 

25.000000 

0.046695 

,  ,  ...  ...  -  .. 

0.038700 
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